consequently so is the amount of coproduct materials generated from this processing sector. These streams are primarily utilized as livestock feed, which is a route that provides ethanol processors with a substantial revenue source and significantly increases the profitability of the production process.
Introduction
Currently corn grain is the primary biological material that can be economically converted into bioethanol on an industrial scale. The corn-based fuel ethanol industry is poised to produce substantial quantities of biofuel during the coming century as this industry continues its rapid expansion. The number of corn ethanol plants, and their processing capacities, has been markedly increasing in recent years. For example, at the end of 2005, 97 manufacturing plants in the U.S. had an aggregate production capacity of nearly 16.3 billion L/y (4.3 billion gal/y), which represents a growth of 226% over the previous five year period. More information on the growth of this industry can be found in Lyons (2003) , BBI (2006) , and RFA (2006) .
Bioethanol manufacturing from corn grain results in three main products: bioethanol, the primary end product; residual nonfermentable corn kernel components, which are typically marketed as "distillers grains" ( Figure 1) ; and carbon dioxide. Anecdotally, the rule of thumb commonly used in industry states that for each 1 kg of corn processed, approximately 1/3 kg of each of these constituent product streams will be produced. The production process consists of several steps, including grinding, cooking, liquefying, saccharifying, fermenting, and distilling the corn grain. In-depth information on this process can be found in Dien et al. (2003) , Jaques et al. (2003) , Tibelius (1996), and Weigel et al. (1997) , but is beyond the scope of this paper.
The nonfermentable residues are removed from the process stream during the distillation stage in the form of whole stillage. They are centrifuged and dried, to ensure a substantial shelf life, and then sold as distillers grains (most commonly as DDGS -"dried distillers grains with solubles") for feed rations to local livestock producers, or shipped via truck or rail for use by distant customers. The sale of distillers grains contributes substantially to the economic viability of bioethanol manufacturing, and is thus a vital component to each plant's operations. Hence the nutritional content and quality of distillers grains is important to ethanol processors. Several studies have thoroughly examined chemical and nutritional properties of these byproduct feeds, including Belyea et al. (1998) , Belyea et al., (2004) , Shurson et al. (2004), and Spiehs et al. (2002) . Rosentrater et al. (2005) comprehensively reviewed much of the available chemical and nutritional research.
To date, however, no studies have examined the physical properties of distillers grains. Property data are not only essential for livestock diet formulation, but also for the design and optimization of material handling systems, various unit operations, processing facilities, and storage structures. As this industry continues its rapid growth, it is imperative to establish baseline information from which engineers and scientists can work. Toward this end, it is the goal of this project to provide such information. The specific objective of this paper is to report initial findings for some of the physical properties of DDGS that have been determined to date, including moisture content, water activity, thermal properties, bulk density, angle of repose, and color.
Materials and Methods
Samples of DDGS were collected from several dry grind corn ethanol processing facilities in eastern South Dakota. Eighteen 18.9 L (5 gal) samples were collected during the fall and winter of [2004] [2005] , and were stored at room temperature (24 ± 1 o C) in sealed plastic buckets. All physical property determinations, except moisture content, were conducted at room temperature.
Moisture content was determined following ASAE Method S352.2 (2004), using a forcedconvection laboratory oven (Thelco Precision, Jovan Inc., Wincester, VA) at 103 o C for 72 hr. Water activity was measured using a calibrated water activity meter (AW Sprint TH 500, Novasina, Talstrasse, Switzerland). Thermal conductivity, resistivity, and diffusivity were determined with a thermal properties meter (KD2, Decagon Devices, Pullman, WA), that utilized the line heat-source probe technique (Baghe-Khandan et al, 1981) . Bulk density was measured using a standard bushel tester (Seedburo Equipment Co., Chicago, IL) following the method prescribed by USDA (1999). Angle of repose was determined by allowing DDGS to fall onto a 44 mm diameter circular plate following the method described by Mohsenin (1980) . Color was measured using a spectrocolorimeter (LabScan XE, Hunter Associates Laboratory, Reston, VA) using the L-a-b opposable color scales (Hunter Associates Laboratory, 2002).
For each physical property studied, four replicates from each sample were measured; this resulted in a total of 72 observations for each property. Formal statistical analyses on all collected data were performed via Microsoft Excel v. 2003 (Microsoft Corporation, Redmond, WA) and Minitab v. 14.11 (Minitab Inc., State College, PA) software.
Results and Discussion
Physical property results are shown in Table 1 , which provides minimum, maximum, and mean values for each property, as well as the consequent standard deviation for each. All samples studied were relatively dry, with moisture contents ranging between 13.21 and 21.16 % (d.b. -dry basis), and had low levels of water available for microorganism growth, with water activity between 0.527 and 0.634 (-). Distillers grains in this study had relatively low thermal conductivity, which varied between 0.06 and 0.08 (W / m°C), relatively high thermal resistivity, which ranged from 13.10 and 15.60 (m °C / W), and fairly low thermal diffusivity, which varied between 0.13 and 0.15 (mm 2 / s). Bulk density, which is a key parameter in the design and utilization of storage vessels, such as bins, tanks, trucks, and rail cars, varied between 389.28 and 501.46 (kg / m 3 ). Angle of repose, which is also a key design parameter, varied between 26.51 and 34.23 (deg). Color, which has been shown to be an indicator of nutritional value (UMN, 2005), did show some variation between samples: L varied between 39.99 and 49.82 (-); a varied between 8.00 and 9.81 (-); and b varied between 18.22 and 23.50 (-). Overall, however, all samples appeared "golden brown".
Relationships between all measured physical properties were then investigated using correlation analysis. The fifty-five resulting Pearson product-moment correlations (Speigel, 1994) are shown in Table 2 . Twenty-nine of these were significant (p < 0.05); the remainder of the correlations were not. The correlation coefficient (r) quantifies the strength of the linear relationship between two variables, and as shown, five of the variable combinations had resulting correlation coefficients greater than |0.80|, while two had coefficients greater than |0.90|, and thus exhibited fairly strong linear relationships. These relationships can be readily observed by examining a scatterplot matrix of all multivariate data ( Figure 2 ). As shown, it appears that several of these correlations were caused by a specific grouping of four data points (these four points were actually replicates that belonged to a specific sample of DDGS). Not only were these samples were "yellower", than the others, but they also exhibited physical property values which were different from the other samples. The fact that they produced substantially different results than most of the other samples underscores the fact that variations can be seen between ethanol production plants, and over time within a single plant, which are, in large part, due to different production processes as well as raw materials. Thus, the examination of a larger pool of DDGS samples is warranted for further study.
Correlations involving the color (L-a-b) values are especially appealing for further study, because they hold potential for developing prediction relationships between product color and other variables with which they are associated. A more thorough quantification could lead to low cost visual sensing strategies for process quality control and property monitoring at production facilities.
The DDGS samples utilized in this study were examined at room temperature and asreceived moisture content. Physical properties will, however, be dependent upon both temperature and moisture levels, and will also be affected by soluble content, and thus differences in chemical composition. Even though this study has examined physical properties of typical streams, there is a pressing need to quantify these additional effects. Understanding the behavior of DDGS when subjected to various levels of these factors will be essential for the design of industrial applications.
Conclusions
The goal of this paper was to provide baseline physical property data for typical DDGS that are produced in eastern South Dakota. This information is essential for the design of equipment, processes, and facilities to handle and store, as well as utilize these coproducts. There is still, however, a pressing need for further research in this area. More extensive physical property information is needed, as is corresponding chemical composition data, as these are very inter-related; thus potential correlations between them must also be quantified. This paper represents a first step in an ongoing effort to add value to distillers grains and other dry mill residues. Future work will aim to address these additional issues, especially how process variations lead to differences in subsequent physical and chemical properties. Additionally, future work will aim to understand effects due to moisture content, temperature level, and soluble addition. 
